Short-term monolayer cultured cell lines showing evidence of persistent tumour cell characteristics were successfully established from 74 tumours, and the proportions of T-CFU assayed at each passage. In 63% of cultures the proportion of T-CFU increased initially and then declined, while in the remainder it declined progressively throughout. Although monolayer cultures were successfully maintained for up to 15 passages, T-CFU became undetectable by the eighth passage and remained so thereafter.
The cells which give rise to colonies when tumours are cultured in a semi-solid medium (tumour colony-forming units, or T-CFU) are generally regarded as being tumour stem cells (Courtenay, 1976; Hamburger & Salmon, 1977; Hamburger et al., 1978) , although formal proof of this assumption has not yet been provided. This culture system has been extensively studied as a means of possibly determining in vitro the effectiveness of cytotoxic drugs , but in the case of human tumours less attention has been paid to the biological behaviour of the T-CFU's themselves. One aspect of the behaviour of these cells which has however attracted considerable attention has been their enhanced growth under conditions of reduced oxygen tension, which has been shown for murine tumours (Steel & Adams, 1975; Courtenay, 1976; Stephens et al., 1977) , for xenografts of human tumours Bateman et al., 1979; Gupta & Krishan, 1982) and for freshly excised human melanomas Tveit et al., 198 la, b) . In many of these studies the addition of rat red blood cells has further enhanced colony growth Tveit et al., 1981a) . In other studies, 2 mercaptoethanol has been shown to increase the cloning efflciency of human melanomas in semi-solid culture (Asano & Riglar, 1981) .
With the exception of the papers by Tveit et al. (1981a,b) we can find no reports systematically comparing the growth of human melanomas under reduced or ambient oxygen tensions. Many of the larger series reported, for example, have only looked at T-CFU numbers in cultures maintained in 20% oxygen (Meyskens & Salmon, 1979 or in 20% oxygen with 2 mercaptoethanol (von Hoff et al., 1982) . Furthermore, the overwhelming majority of studies have been carried out on metastatic melanomas, and very few data are available on the growth of human primary melanomas in culture .
In this paper, we report the growth in culture of a large series (200 (Twentyman, 1978) to establish short-term cell lines and any cell lines showing evidence of overgrowth by fibroblasts were discarded. Those lines established from pigmented tumours grew as pigmented spindle cells or pigmented polygonal cells (20-35pm in diameter) or occasionally as mixtures of the two. Lines established from non-pigmented tumours were only maintained if non-pigmented polygonal cells were present; tumours growing as non-pigmented spindle cells were presumed possibly to be fibroblastic and were discarded. In a proportion of cases flow cytometry of propidium iodide-stained cells using an Ortho System 50H cytofluorograf with a 5W Argon ion laser (Ortho Instruments, Westwood, Ma., U.S.A.) was employed to demonstrate persistent aneuploidy in cell lines from those tumours which were aneuploid to begin with (Wass et al., in preparation) .
At each passage of these short-term cell lines, single cell suspensions were prepared for plating in semi-solid agar as described above. These were designated P1, P2 ... Pn for the first, second and subsequent passages. Using this nomenclature, semisolid cultures derived directly from a single cell suspension of the original tumour were designated P0. Cell lines were propagated for between 3 and 6 passages after the point at which T-CFU could no longer be detected. Data were analysed using student's t-test for mean paired differences, the x2 test corrected for continuity, or linear regression analysis, as appropriate (Steel & Torrie, 1980) .
Results
Of 200 melanomas tested in all 3 culture systems, 153 (77%) grew in primary monolayer cultures at 150 mmHg 02, 94 (47%) in primary semi-solid culture at 40 mmHg 02, and only 48 (24%) in primary semi-solid culture at 150mmHg°2 (Table  I) . Tumours which grew in monolayer culture were significantly more likely also to grow in semi-solid cultures at 40mmHg 02 (X2 = 27.137, P < 0.001), and these in turn were significantly more likely to grow in semi-solid cultures at 150 mmHg°2 (X2 =68.449, P<0.001). Only 6 tumours which failed to grow in monolayer culture grew in semi-solid culture, but all of these grew at both 40 mmHg and at 150 mmHg 02-Short-term cell lines satisfying the criteria for persistent malignant cell proliferation (see Materials and methods) were successfully established from 74/153 tumours which The linear regression between the number of colonies grown at 40mmHg 02 (y) and at 150mmHg 02 (x) for each tumour is shown in Figure 1 . The relationship (y=1.32 x+14.6) shows a highly significant correlation (r=0.749, P<0.001), with a slope (1.32) which is significantly greater (0.02>P>0.01) than unity and a y intercept (14.6) which differs significantly (P <0.001) from zero. These results suggest that hypoxia increases colony growth due to two effects; first, an additional, more or less fixed, number of T-CFU are induced to divide, displacing the relationship upwards (indicated by the significant y intercept value), and second, for each unit increase in the number of T-CFU grown under ambient conditions the number grown under hypoxic conditions increases by 1.32 (indicated by the slope of the line).
As with freshly-obtained material, the success rate and plating efficiency of T-CFU cultures from each of the 74 short-term cell lines studied were greater with cultures incubated in reduced (40mmHg) 02 conditions. In hypoxic semi-solid cultures from 47 short-term cell lines (63%), the proportion of T-CFU increased for the first 1, 2 or 3 passages and then declined (12 representative experiments of this type are shown in the upper panel of Figure 2 ). In similar cultures from the remaining 27 melanomas (37%) the proportion of T-CFU declined progressively from the original (PO) value (12 representative results shown in the lower panel, Figure 2 ). In every case, semi-solid cultures at 150 mmHg 02 gave parallel results. All cell lines tested eventually reached a point where semi-solid culture failed to yield colonies, although increased numbers (2-3 fold) of single cells and small (2-4 cell) clusters were still present. This pattern persisted for the remaining life of all the lines tested, despite the continued ability of the cells to grow vigorously in monolayer cultures.
Discussion
The ability of tumour cells to form colonies in semi-solid culture has become widely accepted as a means of evaluating the behaviour and chemotherapeutic sensitivity of tumours (Hamburger & Salmon, 1977) . Intrinsic in this assumption is the concept that the proportion of cells capable of forming colonies-i.e., the plating efficiencyrepresents the stem cell population in the tumour. However this concept is hard to reconcile with observations that the plating efficiency can be increased by changing the culture conditions, such as by the use of reduced oxygen tension and/or adding rat erythrocytes (Steel & Adams, 1975; Courtenay, 1976; Tveit et al., 1981a,b; Gupta & Krishan, 1982) , or of 2 mercaptoethanol (Asano & Riglar, 1981; von Hoff et al., 1982) or trophic hormones . With such variations possible in the proportions of tumour cells capable of forming colonies in culture, it is difficult to be sure how large the stem cell population really is or whether conventional cultures adequately assay its behaviour. Our data from 200 human melanomas cultured directly in semi-solid agar confirm, in a large series, the greater proportion of successful "takes", and the higher plating efficiency, in semi-solid cultures maintained at reduced oxygen tensions. Furthermore, regression analysis comparing paired results from each tumour indicates that hypoxia recruits an additional number of cells capable of forming colonies and increases the numbers of colonies any given tumour will form. It has yet to be established whether the additional colonyforming cells in hypoxic cultures come from the same progenitor pool as those growing in ambient 02, or whether they represent a separate population. In practical terms, however, the results suggest that semi-solid cultures, at least from melanomas, might best be performed under hypoxic conditions.
It is not clear whether higher oxygen tensions are toxic or lower ones stimulatory. It has been known for many years that oxygen tension in tissues is much less than in air (Haldane & Priestley, 1905), and Campbell (1931) found that oxygen tension was 20-40 mmHg in all tissues except brain and lung. The advantages of culturing tissues under hypoxic conditions were first recognized by Burrows (1917) and have been confirmed extensively since (Wright, 1928; Brosemer & Rutter, 1961; Jamieson & van den Brenck, 1964 , 1965 Mizrahi et al., 1972) . Ritchter et al. (1972) showed that plating efficiencies of monolayer culture-grown cells were appreciably higher under low oxygen tensions for both neoplastic and most nonneoplastic cells. Feeney & Berman (1976) suggested that transient free radicals produced in the presence of oxygen might irreversibly damage enzymes and membrane lipids, and Brosemer & Rutter (1961) found that high oxygen tensions inhibited cellular proliferation. Graham et al. (1978) (Mason et al., 1960; Gan et al., 1976; A. Coates, personal communication) and this could contribute to oxygen toxicity in an active melanogenic environment (Koo et al., 1981) .
Tumour cells can be cultured either as monolayers, where growth is dependent on cellular adherence to the plastic, or as semi-solid agar cultures, or liquid suspension cultures, where growth is independent of adherence. It is not clear however whether the same population of cells is responsible for growth under each of these conditions (i.e., adherence-dependent or adherenceindependent growth), or whether two distinct populations are responsible. Asano & Riglar (1981) compared the growth characteristics of melanoma cell lines in monolayer and in semi-solid culture, but we can find no report of similar comparisons being made using freshly-obtained samples of human melanoma.
To answer this question, we have compared directly the growth of biopsy-obtained melanomas in both monolayer and semi-solid culture systems, and the growth in semi-solid culture of cell lines derived from the same tumours. Melanomas obtained directly from biopsies grew significantly more frequently in monolayer culture than in semisolid cultures even when the latter were incubated under hypoxic conditions. However, the great majority (94%) of successful semi-solid cultures came from tumours which also grew in primary monolayer culture.
The behaviour of cells capable of adherenceindependent growth-i.e., T-CFU-in the shortterm cell lines established from these melanomas was studied by serially sampling for T-CFU numbers at each passage of the culture. In 64% of the short-term cell lines, the proportions of T-CFU increased in the 1st, 2nd or 3rd passage, while in the remainder the proportions declined progressively throughout. The initial rise in the proportions of T-CFU in the majority of tumours is intriguing, and could represent either (1) removal of in vivo inhibitory factors by passage, (2) the recruitment of quiescent (Go) cells into cycle over the first few passages in monolayer culture, or (3) transient latency while the cells adapt to in vitro growth. Whatever the reason, these studies indicate that primary semi-solid cultures could be misleading if the true proportions of T-CFU do not become apparent until several passages through monolayer culture, and suggest that the clonogenic assay may measure an unrepresentative subpopulation of the potentially proliferative cells in a tumour.
T-CFU ultimately disappeared from all shortterm cell lines, despite the continued ability of these cultures to grow vigorously as monolayers with morphological and flow cytometric evidence of persistent tumour cell characteristics. It must be emphasized that these cell lines were not overgrown by fibroblasts, and that this could not have been the reason for the disappearance of T-CFU. It is possible that cells from rapidly dividing monolayer cultures inoculated into the relatively small volume of a semi-solid culture could have exhausted the medium, but this is unlikely since the most rapid period of monolayer growth (judged by the time to subconfluence) coincided with the 2nd to 4th passages. At this time T-CFU were readily detectable; by the time they had become undetectable, the monolayer growth had appreciably slowed. It is more likely that T-CFU disappeared because of a selection or adaption in vitro which favoured adherence-dependent growth. It remains possible, however, that the two types of proliferating cells represent different populations to begin with.
